Shot noise of spin current in ferromagnet-normal-metal systems 
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We propose a three-terminal spin-valve setup, to determine experimentally the spin-dependent shot noise, 
which carries information on the spin-relaxation processes. Based on a spin-dependent Boltzmann-Langevin 
approach, we show that the spin Fano factor, defined as the spin shot noise to the mean charge current, strongly 
depends on the spin-flip scattering rate in the normal wire. While in the parallel configuration the spin Fano 
factor always decreases below its unpolarized value with increasing spin injection, for the antiparallel case it 
varies nonmonotonically. We also show that in contrast to the charge current Fano factor, which varies apprecia- 
ble only in the antiparallel case, the spin Fano factor allows for a more sensitive determination of the spin-flip 
scattering rate. 

PACS numbers: 74.40.+k, 72.25.Rb, 72.25.Ba 



The importance of shot noise in mesoscopic systems has 
been recognized in the past years as a result of extensive ex- 
perimental and theoretical studies of currents fluctuations in 
a wide variety of hybrid structures involving normal metals, 
semiconductors and superconductors 1,2 . Correlations of cur- 
rent fluctuations at low temperatures provide unique infor- 
mation about the charge, the statistics and the scattering of 
the current carriers. In spintronic stmcturesiiSiSiZiSiSiifi, in 
which the transport involves both charge and spin degrees 
of freedom, the current fluctuations are expected to contain 
spin-resolved information on the conductance process. Con- 
sequently spin-polarized current correlations can be used to 
extract information about spin-dependent scattering and spin 
accumulation in ferromagnet(F)-normal-metal(N) structures. 

Until very recently spin-polarized shot noise has received 
little attention. Results of the earlier studies of shot noise in 
FNF 1 1 and FIF 12 systems have been explained in terms of the 
well known results of the corresponding unpolarized systems 
for two spin directions 1 . Tserkovnyak and Brataas have found 
that shot noise in double barrier FNF structures, in which the 
F-terminals have noncollinear magnetizations, depends on the 
relative orientation of the magnetizations of the terminals 13 . 
Results of more recent studies I4 I51 ^i2ii^ii^have revealed that 
the spin-flip scattering in FNF structures can change the cur- 
rent correlations strongly, depending on the polarizations of 
F-terminals. In Ref. Il9| we have developed a semiclassi- 
cal theory of spin-polarized current fluctuations based on the 
Boltzmann-Langevin kinetic equation approachSSii 2 ^. It 
has been shown that in a multi-terminal diffusive FNF system 
shot noise and cross-correlations between currents of differ- 
ent F-terminals can deviate substantially from the unpolarized 
values, depending on spin polarizations of F-terminals and the 
strength of the spin-flip scattering in the N-metal . All these 
studies have focused on the fluctuations of the charge currents. 
It is also interesting to study the fluctuations of the spin cur- 
rents. Shot noise of spin-current in absence of charge current 
was considered in Ref. In Ref. [2l] it has been shown that 
the spin-resolved shot noise of unpolarized currents can be 
used to probe the attractive or repulsive correlations induced 
by interactions. 



In this Letter we study the spin-current shot noise in diffu- 
sive spin-valve systems, in which both charge and spin cur- 
rents can be present. To measure the correlations between 
spin-current fluctuations we propose to use a three-terminal 
device in which a normal diffusive wire is connected through 
tunnel junctions to three ferromagnetic terminals of which two 
have perfect polarizations pointed antiparallel to each other. 
We show that spin shot noise can be determined by measur- 
ing the charge shot noise and the cross correlations between 
currents through the two perfectly polarized antiparallel termi- 
nals which are connected to the normal wire by tunnel junc- 
tions with different conductances. The third F-terminal can 
have arbitrary polarization and is used to inject a spin accumu- 
lation into the normal wire. The spin-polarized Boltzmann- 
Langevin approach is used to calculate both of charge and spin 
shot noise. In the presence of spin-flip scattering these two 
correlations are distinguished from each other. We present 
a detail comparison of charge and spin shot noise for differ- 
ent polarization of the terminals and the spin-flip scattering 
strength in the normal wire. 

The layout of the spin-valve system we study is shown in 
Fig. UJi. Three ferromagnetic terminals F\, Fj and Fj are con- 
nected by tunnel junctions to a normal diffusive wire (N) of 
length L. Fjj are held at the same voltage V and the voltage 
in Fi is zero. We model the spin polarization of the terminals 
as spin-dependent tunneling conductances of the junctions. 
The terminals Ff ^ are perfectly polarized and have antipar- 
allel polarizations. In this case these two terminals operate 
effectively as a single ferromagnetic terminal (held at the volt- 
age V) connected to the wire by a tunnel junction with con- 
ductance given by the sum of the conductances cjl = + gy 
of the two tunnel junctions connecting Fjj to the wire and 
a polarization defined as ^ = (gy — gi)/gL- The junction 
connecting Fi to the wire has a spin-dependent conductance 
go a (a = ±1 denotes spin of electron), which corresponds 
to the total conductances go = ffoa and the polarizations 
Po = J2a a 9oa/go- Thus we may consider the three-terminal 
structure to be equivalent to a two-terminal system with corre- 
sponding polarizations and the conductances, as is presented 
in Fig.^>. 
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FIG. 1: (a) Proposed experimental setup of the three-terminal spin 
valve to measure spin current shot noise: a normal diffusive metal 
strip on which three ferromagnetic strips are deposited. Two oppo- 
sitely perfect polarized ferromagnetic strips are deposited in a dis- 
tance L of the third strip ferromagnet. (b) Schematic of a two termi- 
nal structure equivalent to the three-terminal spin valve. 



The requirement that F-j-j have perfect polarization is es- 
sential for measuring the spin current shot noise. With this 
requirement the currents through Ff j are purely polarized. 
The cross-correlations (AI c -\(t)AI c \,(t)) between fluctuations 
of charge currents through the terminals Ffj are simply the 

correlations between spin up and down currents S \- = 

(AI-(t)AI+(t)) through the wire. Thus, measuring the cor- 
relations between charge currents through Ff ^ gives us S 

which can be used with the correlations of charge current 
through the wire S = (AI c (t)AI c (t)) to obtain the spin cur- 
rent correlations S S (L) = (AI s (L,t)AI s (L,t)) at the point 

x = L. In fact, we have the relation S S (L) = S — 45 (_. 

Here the fluctuations of charge and spin currents are defined, 
respectively, as AI c (t) = ^ a AI a (L,t) and AI s (L,t) — 
J2 a aAI a (L, t) in which AI a (L, t) is the spin-resolved cur- 
rent fluctuation at the point L of the wire. In the following, 
we will calculate the charge and spin current correlations in 
the spin-valve system using the corresponding two-terminal 
structure shown in Fig. \l]p. 

In the presence of the spin-flip scattering transport of 
spin-polarized electrons in the normal wire is described by 
Boltzmann-Langevin diffusion equations for the fluctuating 
charge and spin current densities at energy e, (x, t, e) — 
3c(s) 0, e) + <y c (s) {x, t, e), which readiS 



l-ic = 0, 
ox 

— 7 =--f +l* f 
Jc(s) = -°"^/c(s) +Jc(s)- 



(1) 

(2) 
(3) 



diffusion constant, 4f = \/Dt${ is the spin-flip length, Tj mp ( s f) 
is the relaxation time of normal impurity (spin-flip) scatter- 
ing, vp is the Fermi velocity and No is the density of states at 
the Fermi level. The fluctuating charge and spin distribution 
functions are expressed as f c (x, t, e) — fa( x i t,e)/2 and 
f s {x, t, e) = J2 a a fa{x, t, e)/2, respectively, with f a (x, t, e) 
being the spin-a electron distribution function. The mean 
charge and spin distribution functions obey the equations 



dx 2 

d 2 



fcO = 0, 



f _ fsO 

dx 2ls0 ~ &' 



(4) 
(5) 



Eqs. (II 13i contain the Langevin sources of fluctuations of 
the charge (spin) current density j^(x,t,e) and the diver- 
gence term of the spin current fluctuations if(x, t, e), which 
reflects the fact that the number of electrons with specific spin- 
direction is not conserved by the spin-flip scattering. The cor- 
relators of these fluctuating terms are given by£ 

< ic(s) *, £ )ic(s) t', s') >= A<r n QQ (x, e), (6) 

a 

< jc{x,t,e)j'{x',t',e') >= Acr^an aQ (x,e), (7) 

a 

<j^ s) {x,t,e)if(x',t',e') >=0, (8) 

< if (x, t, e)if(x', t', e') >= A^ £ n a _ a (x, e),(9) 



where we used the abbreviation A 
e'), and 



S(x-x')S(t-t')6(e- 
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>(x,e) = f a (x,,s)[l - f a >(x, 



(10) 



The relations d6H0i describe the effect of spin-polarization 
and spin-flip scattering on the correlations of the current fluc- 
tuations sources in the normal wire. 

The mean distribution function f a Q = f c + otf$ is obtained 
from the solution of Eqs. and 0. It reads 

f a = fi + (f 2 -fi)[a + b^ 

+a(csinh — — hdcosh— )], (11) 
L L 

where fa = /fd(e — eVi) is the Fermi-Dirac distribution func- 
tion in the terminal F, (i = 1, 2) held at equilibrium in voltage 
Vi (Fig. \I]p). The coefficients a, b, c, d have to be determined 
from the boundary conditions, which are the current conser- 
vation rule at the two connection points of the wire, x = 0, L. 

From the diffusion Eqs. Q, Q and using Eq. we ob- 
tain the expressions for the average and the fluctuations of the 
charge current, respectively, as follow 



Ic(e) = bg N {h ~ fi), 
AI c (e)=g N [5f c (0)-tfc(L)] + SIZ 



Here a = e 2 NoD is the conductivity, D = VpTi mp /3 is the 



SI^(e) = - J dxjl 



(12) 
(13) 

(14) 
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FIG. 2: Charge 
polarizations po 
X = L/£ a . 



(a) and spin (b) Fano factors versus the magnitude of spin polarization of the terminals p for parallel orientation of the 
— Pl = p and when Qo/qn = ffi/ffiv = 1. The results are shown for different values of the spin-flip scattering intensity 



where gN — <tA/L {A being the area of the junctions) is the 
conductance of the wire. 

Similarly Eqs. Q, © and (|5jl lead to the following result 
for the average and the fluctuations of the spin currents: 

I s {x,e) = 37vA(csinh^ +dcosh^)(/ 2 - fx), (15) 

A/,(0(L),e) = H[_coshA*/,(0(L)) + J/,(L(0))] 
s 

+5I*(0(L),e), (16) 

f d 

6I°(0(L),e) = Aj dx(if + ft — )0 sO( l). (17) 

Here <p s o(x) — sinh [A(l — x/L)]/sinh A, <I> s l(x) — 
sinh (Xx/L)/ sinh A, s(A) = sinh A/A and t(X) = tanhA/A, 
and the parameter A = L /4f is a measure of the spin-flip scat- 
tering. Note, that as a result of the spin-flip scattering the spin 
current is not conserved through the wire. 

Following the Boltzmann-Langevin approach, the fluctuat- 
ing spin a current at the junctions points 0, L can be written 
as I a (0, L) = g (L) a [fo(L) ~ fa(0, L)] + SI 0(L)a , in which 
the intrinsic current fluctuations <5io(L)a is due to the random 
scattering of electrons from the tunnel barriers and the fluctu- 
ations of the spin a distribution function are 5f a (0, L). From 
this relation the fluctuating charge and spin currents through 
the terminals can be expressed in terms of the fluctuating spin 
and charge distributions at the connection points and the cor- 
responding intrinsic current fluctuations. Denoting 5I c u)i as 
the intrinsic fluctuations of the charge (spin) current through 
the tunnel junction, we obtain 

ic(0,L)=flo(z)[/o(L)-/c(0,L)] 
-9o(L)Po(L)M0, L) + SI 0{L)c , (18) 
/s(0,£)=5o(i)[/o(i)-/s(0,£)] 

-.90(L)PO(L)/c(0, L) + W (L) S - (19) 



Now we impose the boundary conditions at the junctions. 
Assuming spin-conserving tunnel junctions the total (inte- 
grated over energy) spin and charge currents should be con- 
served at the junctions points. Using this condition and the 
expressions for the spin and charge currents given by Eqs. 
(1121191 . we obtain the coefficients a,b,c,d and the fluctua- 
tions of the charge and spin distributions at 0, L, Sf c / S ) (0, L). 
The results of this calculations can be inserted in Eqs. dl 31 . 
( II 61 to obtain the fluctuations of the charge and spin currents 
in the terminal connected to the point L. The results are ex- 
pressed in terms of 5/orz,)c> ^^o(l)s> and <57 s °(0, L). To 
obtain the current correlations we have to know the correla- 
tions between these terms. The correlations between 5I£, and 
57 s c (0, L) can be obtained using Eqs. (Q3), O and doTTTV 
For tunnel junctions the correlations of <52o(l)c! <^o(l)s are 
given by the relations: 

(<Wo(L)c<5io(L)c) = (<5io(L) s <Wo(L) s ) = 2e/ c (20) 
<«o(L)c«o(L )s ) = 2e(|J 0(L)+ | - |J 0(i) _|). (21) 

where Jo(i)a = A)(L)c + oJq(l)s is the mean current of spin 
a electrons. 

Using all these results the correlations of the charge and 
spin currents S = (A7 C A7 ) and S S (L) = (AI S (L)AI C (L)) 
are obtained. In this way we obtain the charge current Fano 
factor F — S/2e\I c \ and the spin current Fano factor defined 
as F s = 5 s /2e|J c | in terms of the normalized conductances 
9o(l)/9n, the polarizations Po(l) and the spin-flip strength A. 

The final expressions for spin and charge current correla- 
tions are too lengthy to be written here. Figs. |2]and|3]show 
the dependence of the charge and spin Fano factor on the spin- 
polarization of the terminals for different values of the spin- 
flip scattering intensity A and when go/ffjv = QlIsn = 1. 
Fig. |2] presents the results for the parallel orientation of the 
magnetizations of the terminals where po = pl = P- In this 
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case F (Fig.|2^) has small variations with respect to the nor- 
mal value of p — 0. For finite A it decreases below the normal 
value for p ~ 1. For A ^> 1 the charge shot noise takes 
the normal value for every p, which is not surprising since a 
strong spin-flip intensity destroys the polarization of the in- 
jected electrons from the terminals. Contrary to charge shot 
noise, the spin shot noise shows a strong dependence on A 
and p, as is seen in Fig. |2j). With increasing the polarization 
F s decreases from its normal value at p = 0. For small A 
this variation occurs only for p close to one. With increasing 
the spin-flip intensity the variation is shifted to lower polariza- 
tions. At large A, F s decreases monotonically from its normal 
value 1 to the minimal value at p = 1 . 

The results for the antiparallel configuration po = — PL =P 
are shown in Fig. [3] For this configuration both, the charge 
and spin shot noise, have a strong dependence on the spin- 
polarization and spin-flip intensity. At finite A the charge Fano 
factor deviates substantially from its normal value (p = 0) 
when p increases. The strongest variation occurs when A 
tends to zero. F decreases monotonicaly by increasing p and 
reaches the Poissonian value 1 at p = 1. In this case, the nor- 
mal wire has perfectly antiparallel polarized leads at its ends 
and constitutes an ideal spin valve, for which the current van- 
ishes in the limit A — » 0. For very small but finite A only those 
of electrons, which undergo spin-flip scattering once carry a 
small amount of current. These spin-flipped electrons are al- 
most uncorrelated and pass through the normal wire indepen- 
dently resulting in a full Poissonian shot noise. 

The spin Fano factor F s has a more complicated depen- 
dence on p for different A. While for small A <C 1, F s in- 
creases with increasing p to reach the Poissonian value 1 at 
p = 1, for large A ^> 1 it decreases from the normal value 
and reaches a minimum value for a perfect polarization. For 
A ~ 1 the spin shot noise has a nomonotonic behavior with 
changing the spin polarization. It is an increasing function of 
p for small polarizations and a decreasing function at large po- 
larizations. Thus F s has a maximum value at the polarization 



which depends on the spin-flip intensity. 

As can be seen in Figs. [2] and [3] the charge and spin shot 
noises coincide in two special cases. First, when the terminals 
are perfectly polarized and p = 1, the charge and spin currents 
(both mean and fluctuations) are the same and therefore the 
correlators of their fluctuations coincide. Second, for a van- 
ishing spin-flip intensity A = 0, there is no spin-dependent 
scattering mechanism in the whole system (the normal wire 
and tunnel junctions). The normal impurity scattering and the 
tunnel barriers (assumed to be spin conserving) have the same 
effect on the charge and spin transport and the resulting charge 
and spin current fluctuations have again the same correlations. 

In conclusion we have proposed a three-terminal spin valve 
structure to study correlations of spin current fluctuations. The 
spin valve consists of a normal diffusive wire which is con- 
nected by tunnel contacts to two oppositely perfect polarized 
ferromagnetic terminals in one end and to another ferromag- 
netic terminals on the other end. Using a spin-dependent 
Boltzmann-Langevin approach, the dependence of the spin 
shot noise on the spin polarization and the strength of the spin- 
flip scattering has been analyzed for parallel and antiparallel 
configurations of the polarizations at two ends of the wire. For 
the parallel case the spin Fano factor (spin shot noise to the 
mean charge current ratio) has been found to decrease with 
spin polarization from its unpolarized value, but to increase 
with the spin-flip rate. In contrast, for the antiparallel con- 
figuration we have found a nonmonotonic behaviour of the 
spin Fano factor, depending on the spin-flip scattering rate. 
We have also found, that in contrast to the charge Fano fac- 
tor, which is sensitive to the spin polarization degree and the 
spin-flip rate only, in the antiparallel case, the spin Fano factor 
shows variations in both configurations. Our results manifest 
the effect of competition between spin accumulation and spin 
relaxation on the spin current fluctuations in diffusive normal 
conductors. 

This work was financially supported by the Swiss NSF, the 
NCCR Nanoscience, and the RTN Spintronics. 
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